The pyrethroids, their metabolites and by-products have been recognized as toxic to environment and human health. Despite several studies about esfenvalerate toxicity and its detection in water and sediments, information about its degradation products is still scanty. In this work, esfenvalerate degradation products were obtained by chemical oxidation with hydrogen peroxide and their structure was elucidated using a procedure known as stir bar sorptive extraction (SBSE) probe desorption gas chromatography-ion trap mass spectrometry (GC-IT-MS) analysis. This procedure consists of the thermal desorption of analytes extracted from a SBSE stir bar introduced by a probe into a gas chromatograph (GC) coupled to an ion trap mass spectrometry (IT-MS) system. Based on IT-MS data, a degradation pathway of esfenvalerate is proposed with ten products of chemical oxidation of esfenvalerate that are fully identified. Among these compounds, 3-phenoxybenzoic acid and 3-phenoxybenzaldehyde were detected, reported as being environmental metabolites of some pyrethroids, with endocrine-disrupting activity.
Introduction
Pyrethroids are powerful insecticides that, in the last few decades, have increasingly replaced organochlorine pesticides due to their relatively low mammalian toxicity, selective insecticide activity and low environmental persistence. 1 Although pyrethroids are thought to be safe for humans, they are highly toxic to fish -even at very low concentrations (< 0.5 µg L -1 water), to bees, aquatic arthropods, birds and mammals, and have also shown carcinogenic properties. [2] [3] [4] [5] [6] Several reversible symptoms of poisoning and suppressive effects on the immune system have also been reported in humans after their exposure to pyrethroids. 7 Esfenvalerate [IUPAC name: (S)-α-cyano-3-phenoxybenzyl-(S)-2-(4-chlorophenyl)-3-methylbutyrate] is a persistent compound of the class of pyrethroids that is present in numerous formulations of insecticides marketed worldwide. The "Final Work Plan" adopted by the U. S. Environmental Protection Agency (USEPA) in 2010 calls for a detailed evaluation of esfenvalerate with respect to its potential risks to the environment and to human health.
Moreover, this compound is included in the initial list of pesticides to be screened under the Endocrine Disruptor Screening Program (EDSP), organized by the USEPA, and remains on the 2013 list. 8 Despite the high hydrophobicity (log Kow 6.42), the very low water solubility (a few ng L -1 ) and the apparently high biodegradation rate of esfenvalerate, a growing number of investigations have recently reported its widespread occurrence in water and sediment, [9] [10] [11] [12] and its harm to aquatic organisms. 13 Its ecological risks are associated with esfenvalerate molecule and also with the byproducts generated during the environmental degradation of esfenvalerate, which may occur through either by oxidation at one or more sites located in the alcohol or acid moieties or by hydrolysis of the central ester bond. These degradation by-products, which include 3-phenoxybenzoic acid and 3-phenoxybenzaldehyde, have shown very similar toxicological consequences in aquatic environments. 14, 15 The removal of environmental pollutants, especially agrotoxic by-products, by means of new technologies has been the focus of much research. Today, chemical oxidation appears to be a key methodology because of its high efficiency in breaking down numerous organic compounds and its low operational cost. In particular, the combination of chemical oxidants (such as hydrogen peroxide), iron salts, semiconductors and/or UV-Vis irradiation can give rise to the formation of hydroxyl radicals (•OH), which are very powerful oxidants with high oxidation potential (2.8 V as opposed to standard hydrogen electrodes). 16, 17 To evaluate the efficiency of oxidation processes and monitor the degradation of the target pollutant, as well as the intermediates and by-products generated in the oxidation reaction, simpler techniques, solvent-less and which allow extraction and concentration in a single step, such as solid-phase micro extraction (SPME) and stir bar sorptive extraction (SBSE), have recently been applied successfully. [18] [19] [20] These methods also provide enhanced sensitivity because the extracted fraction (the former on a fiber and the latter on a stir bar) can be introduced quantitatively into a gas chromatography (GC) system by thermal desorption. 21 Due to the small volume of extractant used in SPME phases, analytical methods using SBSE have higher analytical recovery rates and consequently higher sensitivity: the amount of polydimethylsiloxane (PDMS) used in the SPME fibers is typically ≤ 0.5 µL, while SBSE stir bars contain ca. 50-300 µL PDMS film. [22] [23] [24] The SBSE technique combined with hyphenated chromatographic techniques such as GC-mass spectrometry (MS) has been used for esfenvalerate analysis in water samples at trace levels, allows rapid analysis, low solvent consumption, and higher analytical precision and sensitivity. 25, 26 Although methods describing the use of SBSE-GC-MS for analysis of pyrethroids are reported in literature, [25] [26] [27] [28] the application of this technique for analysis of pyrethroids degradation products is still rare. In this work, an approach called "SBSE probe desorption" was employed as an alternative to combine the advantages of SBSE and the power of GC-ion trap (IT)-MS as the detection technique in order to identify esfenvalerate degradation products in aqueous solution. In this procedure, the different analytes are sorbed in SBSE bar in a unique step (extraction) and are desorbed thermally placing the SBSE bar in an appropriate probe, without using the commercial SBSE thermal desorption system.
Experimental
Reference substances, chemicals, and reagents Esfenvalerate (analytical standard; 97% purity), 3-phenoxybenzoic acid (analytical standard; 98% purity) and 3-phenoxybenzaldehyde (analytical standard; 98% purity) were obtained from Sigma-Aldrich (St. Louis, MO, USA). All the other reagents were of analytical grade, unless otherwise stated. Methanol, acetonitrile, chloric acid, sodium chlorate and sodium hydroxide were obtained from Mallinckrodt (Xalostoc, Edomex, Mexico). Sodium sulfite and formic acid (reagent grade) were obtained from Merck (Darmstadt, Germany) and a 30% (m/m) solution of hydrogen peroxide (reagent grade) was supplied by Ecibra (São Paulo, SP, Brazil). Purified water (resistivity 18.2 MΩ cm) was obtained by using a Millipore (Eschborn, Germany) Milli-Q water purification system.
Chemical oxidation process
The intermediates and by-products of esfenvalerate were obtained by a chemical oxidation process optimized in a previous study described in the literature. 29 In this optimization, reproducibility of the oxidative process was checked in replicate using as criteria the chromatographic profile (retention time and peak area) of the degradation compounds of esfenvalerate. Laboratory-scale chemical oxidation assays were performed using a stock solution of esfenvalerate prepared by dissolving an appropriate amount of standard in methanol, followed by dilution with deionized water (1:99 v/v) to a final concentration of 90 mg L -1
esfenvalerate. An aliquot of 50 mL was diluted with methanol (1:1 v/v) to a final concentration of 45 mg L -1 esfenvalerate. The pH of this solution was adjusted to 10.95 (with a sodium hydroxide solution) and the reactional mixture was subjected to degradation with 25 mg L -1 hydrogen peroxide, under magnetic agitation for 4 h at room temperature (25 °C). After this time interval, the reaction was immediately interrupted by addition of sodium sulfite.
SBSE extraction of the esfenvalerate degradation products
An aliquot of 1.5 mL of the esfenvalerate solution (50% methanol and pH 10.95) subjected to the chemical oxidation process was diluted to 5 mL using ultrapure water (final solution = 15% methanol). The ionic strength was then adjusted to 5% by adding 0.25 g of NaCl and the pH was adjusted to 1.50 by adding a 20% (v/v) hydrochloric acid solution.
The degradation products were then extracted using a SBSE stir bar (10 mm × 0.5 mm, 24 µL PDMS coating, Twister ® , Gerstel, Mülheim an der Ruhr, Germany), which was stirred at 700 rpm for 120 min at 60 °C. After the extraction process, the SBSE bar was removed from the extraction flask, washed with ultrapure water and dried with a lint-free tissue prior to the desorption of the analytes by liquid desorption or by thermal desorption.
In the case of liquid desorption, after extraction, the stir bar was sonicated with acetonitrile (1 mL) for 90 min and 1 µL of the resulting solution was analyzed by GC-IT-MS for a qualitative comparison against the probe desorption mode. The conditions for SBSE thermal desorption into GC-IT-MS are described below. The conditions of the extraction of the esfenvalerate degradation products by SBSE followed by liquid desorption were previously optimized by using a factorial experimental design. The influence and interaction effects of organic modifier, ionic strength, extraction time, temperature and pH were simultaneously evaluated. The utilization of different organic solvents and desorption times were also investigated to establish the optimal conditions for SBSE liquid desorption. 
Results and Discussion

SBSE-GC-IT-MS analysis and identification of the chemical oxidation products of esfenvalerate
A f t e r c h e m i c a l o x i d a t i o n t h e c o m p o u n d s 3-phenoxybenzoic acid and 3-phenoxybenzaldehyde were identified in the reactional mixture according to high-performance liquid chromatography-UV/diode array detection (HPLC-UV/DAD) (with the help of standards and comparison of their t R and UV spectra), described in scientific literature. 29 These three compounds (esfenvalerate, 3-phenoxybenzoic acid and 3-phenoxybenzaldehyde) were used to evaluate the influence of the oven temperature and ionization conditions in the GC-IT-MS analyses, based on an analysis of solutions of analytical standards (Figure 2 ).
These analyses showed that the GC-IT-MS conditions which do not degrade the standard compounds, confirming that the other compounds detected by GC-IT-MS ( Figure 3 ) are generated by chemical degradation. A potential disadvantage of SBSE thermal desorption is the possibility of degradation of thermolabile compounds; besides, desorption temperature (= probe heating) must be compatible with the programming of temperature into the GC oven. However, milder temperatures of the GC column leads to longer analysis times. So, several temperature conditions were tested and the optimized temperature conditions are described in the Experimental section (SBSE-GC-IT-MS analysis). The total ion chromatogram (TIC GC-IT-MS) profiles of the chemical degradation products obtained by SBSE-liquid desorption (the latter was optimized in a previous work) 29 were compared against those obtained by probe (thermal) desorption (Figure 3 ) in order to evaluate comparatively the effectiveness of the SBSE-probe desorption procedure. All the 10 compounds found in the solution left over after the chemical degradation products were desorbed efficiently by both SBSE-liquid desorption (Figure 3a) and by probe desorption (Figure 3b) , indicating the efficacy of the latter.
The thermal desorption allowed enhanced sensitivity because the degradation products present in the solution are adsorbed by stir bar, which is inserted into the probe, allowing direct entrance of these analytes in the GC-MS system. In liquid desorption the sensitivity is subject to the volume of solvent used for the analytes desorption (which should ensure complete immersion of the stir bar), beyond the volume of sample injected into the GC-MS system. Besides the enhanced sensitivity the thermal probe desorption mode allows the elimination of solvent usage and minimize the analysis time, since the step of the analytes desorption in the solvent is not required. The fragmentation patterns in the mass spectra were evaluated in full-scan mode, in which the target (base peak) and fragment ions obtained were appropriate for the structural elucidation of compounds. Low resolution GC-MS is limited in comparison with high resolution mass spectrometry measurements, to establish the elemental composition of the ions, which could be a strategy for improving the interpretation of mass spectra. However, in this study, even by using low resolution IT-MS, the knowledge of structure of the parent molecule combined with the possibilities suggested by the spectra library led to reliable results. The analysis of commercially available standards Vol. 26 Table 1 ). The similarities found comparing experimental mass spectra of peaks 1-10 with mass spectra libraries were between 81-93%, being therefore acceptable for structural proposition.
Scheme 1 depicts the proposed chemical oxidation reaction pathway and the corresponding products identified by GC-IT-MS.
The compounds remaining after the chemical oxidation of esfenvalerate consisted mostly of two major by-products:
2-(4-chlorophenyl) propanoic acid (7, m/z 184, t R 7.54 min) and 3-phenoxybenzaldehyde (9, m/z 198, t R 8.76 min). The peaks of other eight compounds were found at low intensity. The identification of 1, methyl N-hydroxybenzene carboximidoate (m/z 151, t R 3.56 min), considered the best match of NIST MS library (81% similarity) and also the conditions of the chemical oxidative procedure: this compound may be probably formed by methoxylation (from methanol, present in the reactional mixture) and hydroxylation (oxidation) in the cyano group, leading to a positive charge in the cyano carbon that attacks the aromatic carbon at position ε (see structure of esfenvalerate, Scheme 1), with simultaneous loss of the phenoxy group. (9) is formed by cleavage of the esfenvalerate molecule and loss of a cyano group. The oxidation of 9 leads to 3-phenobenzoic acid (10, m/z 214, t R 9.44 min).
The chemical oxidation with hydrogen peroxide and the SBSE-GC-IT-MS technique has been shown to be effective in the generation and analysis of esfenvalerate degradation products. Comparing to the hydrolysis and photolysis process described in the literature, 31 ,32 the degradation route of esfenvalerate starting by the same pathway, with the breakdown of the molecule at the carboxyl group. However after this cleavage, the hydrolysis and photolysis processes do not present other significant fragmentation, only functional groups losses as cyano and amino or entrance of water and oxygen, forming new degradation products. In chemical oxidation with hydrogen peroxide other major fragmentations were obtained beyond the
